Active and silenced chromatin domains are often in close juxtaposition to one another and enhancer and silencer elements operate over large distances to regulate the genes in these domains. The lack of promiscuity in the function of these elements suggests that active mechanisms exist to restrict their activity. Insulators are DNA elements that restrict the effects of long-range regulatory elements. Studies on different insulators from different organisms have identified common themes in their mode of action. Numerous insulators map to promoters of genes or have binding sites for transcription factors and like active chromatin hubs and silenced loci, insulators also cluster in the nucleus. These results bring into focus potential conserved mechanisms by which these elements might function in the nucleus.
DOMAIN ORGANIZATION OF THE GENOME
The eukaryotic genome is organized into domains comprised of individual genes or clusters of genes with distinct patterns of expression. Domains are defined in different ways, based, for example, upon their expression status as actively transcribed or inactive domains or by their sensitivity to DNase I digestion as DNase I-sensitive or -resistant domains. Domains can also be defined by the distribution of specific histone modification marks, the presence of specific histone variants.
and the distribution of nonhistone proteins (138). The observation that chromosomes contain topologically constrained chromatin loops led to the idea that loops are coincident with domains such that genes and their regulatory elements present in one loop/domain are separated from regulatory sequences and genes in adjacent loops/domains (100). In this hypothesis, domains have well-defined borders established by specific sequences. The function of these sequences is to prevent regulatory elements present within a domain from inappropriately activating or suppressing the expression of genes located within adjacent domains (40).
Functional assays have indeed demonstrated that genes and their regulatory elements (enhancers and silencers) are insulated from negative or positive regulatory elements present in adjacent loci (96, 158, 173) , and specific DNA elements termed insulators have been defined that functionally insulate genes from neighboring loci; these are the focus of this review. These elements contribute to the formation and maintenance of active or inactive transcription programs and play an integral part in gene regulation.
Of the large number of insulators identified to date, a few representative examples of insulators have been selected and their mode of action discussed in detail to highlight specific aspects of insulator function.
THE SILENCED STATE
Silencing is the epigenetic repression of long stretches of DNA, and the term heterochromatin is used interchangeably with silenced chromatin. Heterochromatin is rich in repetitive DNA, relatively poor in genes, and late-replicating in the cell cycle. The silenced chromatin state is often promoternonspecific, phenotypically stable, and heritable. Silencing is achieved by diverse molecular mechanisms that all culminate in the generation of a distinctive chromatin structure (134). Heterochromatic domains can be visualized by staining or detected by specific characteristics such as inaccessibility to enzymes or the presence of ordered nucleosomal arrays. The histones in heterochromatic domains are hypoacetylated, lack methylation of H3 lysine 4, but are enriched in methylation of H3 lysine 9 and are associated with specific chromo-domain-containing proteins, leading to condensation of chromatin and inhibition of transcription initiation and elongation.
Constitutive heterochromatin is defined as heterochromatin that remains condensed in almost all cell types, is composed of repetitive sequences, and localizes to centromeres and telomeres of chromosomes, although intercalary heterochromatin-blocks of condensed chromatin that share properties with constitutive heterochromatin-is scattered throughout the genome.
Facultative heterochromatin refers to euchromatic regions that become silenced during cellular development. Polycombmediated heterochromatin-like structures are examples of this form of silenced chromatin, and the mechanism of silencing mimics the processes that form constitutive heterochromatin.
Prior to describing how silenced chromatin domains are restricted to specific regions of the genome, we briefly review the mechanism of establishment and formation of large silenced chromatin domains.
The models of pericentric heterochromatin assembly are derived from studies in fission yeast, flies, and mammalian cells (131). The initial steps require the generation of double-stranded RNAs that are processed by the RNAi machinery into small RNAs (siRNAs). The small RNAs are bound by the RITS (RNA-induced initiation of transcriptional silencing) complex, and most models suggest that these RNAs provide the specificity for targeting regions for silencing (168) . Among the early events are the replacement of histones with variants as well as changes in the modification patterns of the histones. A key step in heterochromatin assembly is the Clr4/Su(var)3-9-dependent methylation of histone H3-K9, which serves as a recognition site for chromo-domain containing proteins. These structural proteins, Swi6 in Schizosaccharomyces pombe, and HP1 in Drosophila and mammals, bind histones and aid in chromatin condensation. In mammals DNA methylation aids in the maintenance of the silenced state.
Silencing in the budding yeast is different from silencing in other eukaryotes in that histone H3 K9 methylation and HP1 homologs are absent in this organism. Silencing in Saccharomyces cerevisiae is mediated by the Sir proteins and initiates at silencer elements. Silencing involves repeated cycles of histone deacetylation mediated by Sir2p and binding of these deacetylated histones by Sir3p and Sir4p leading to the spread of the repressive chromatin complex from the silencers (145) .
Silencing in all eukaryotes is believed to involve the linear spread of repressor proteins along the chromatin, and DNA elements called barriers have been identified that restrict the spread of silenced domains.
ACTIVE DOMAINS
Like silenced chromatin domains, active chromatin domains have characteristic properties. The active genes present within large chromatin domains are relatively accessible to various enzymatic probes, and the sedimentation/migration profiles of active domains also suggest an open structure. The molecular basis for increased accessibility is not clearly understood but is likely to be multifactorial. A lack of evenly spaced nucleosomes, depletion of histone H1 across the entire domain, acetylated core histones, and methylation of histone H3 at K4 are also hallmarks of active chromatin domains.
Since most of the metazoan genome is in an inactive and inaccessible state, the formation and maintenance of an open chromatin domain is therefore an active process mediated by specific DNA elements that recruit chromatin remodeling and modifying enzymes to open the domain and allow regulatory elements like enhancers to communicate with promoters.
The Enhancers and LCR elements are located several kilobases away from the promoters of genes that they upregulate and that are necessary for gene activation (51). These elements can function in a distanceand gene-independent manner to increase the probability and rate of transcription (51). They function by aiding in the recruitment of transcription factors to genes or alterations in the activity of these factors (10, 25, 35). Models for enhancer-mediated activation suggest that activation occurs when the enhancer and promoter "communicate," even with large distances separating these elements (12, 25) .
Recent data show that enhancers are in close proximity to the genes they activate and that these interactions persist during transcription (26, 29, 37, 76, 126, 163, 165, 172) , suggesting that direct interactions between enhancers and target genes may be important for activation. The level of expression from a promoter is determined by the frequency of enhancer-promoter communication, the time of enhancer-promoter interaction, and by competition between alternative enhancerpromoter interactions (12, 37, 175).
Notwithstanding data showing that enhancers are in physical proximity to the genes they regulate, it is unclear how enhancers find their targets. Understanding how enhancers find their targets has direct implications for understanding how enhancer action is regulated and restricted. The tracking model for enhancer action suggests that proteins loaded at the enhancer track along the chromatin fiber from the recruitment site to find and activate a promoter (10, 12, 15). Studies suggest that enhancer-bound activators do not leave the enhancer to activate the promoter, and although evidence for tracking is not conclusive, there are examples of large pioneer transcripts that encompass entire chromatin domains (141) . Furthermore, polymerases and transcription have been detected at the LCR/enhancer region of some genes (92). Whether these RNAs are part of the mechanisms by which enhancers communicate with promoters is not known, but models of tracking have been put forward.
Alternatively, it has been proposed that enhancer-bound activators skip along the DNA to find the promoter (hopping model) (10). Variants of this model involve proteins that facilitate the process and are bound to the intervening chromatin. In this version, enhancer proteins sample the intervening chromatin via transient interactions until a promoter is reached and the interactions are stabilized, thus facilitating activation (15). In support of such a model, weak binding sites for transcription activators have been detected between the enhancer and the promoter.
Opening of the chromatin domain and specific factors (bound to enhancers and promoters) that can interact with one another are necessary for activation. Because enhancers function over many kilobases of DNA and are often located adjacent to numerous promoters, elements, called enhancer blockers, are present that reduce promiscuity in enhancer function.
MASS ACTION AND CHROMATIN DOMAINS
If the extent and stability of chromatin domains is a function of protein-DNA complexes, levels of the constituent proteins should influence the extent and size of the domain, and shifts in the concentration of any constituent protein might influence the extent of assembly and spreading of individual domains (181). Consistent with this hypothesis is the observation that mutations that negatively affect the synthesis of heterochromatic proteins reduce heterochromatin assembly and silencing, whereas mutations that reduce the synthesis of euchromatic proteins enhance heterochromatin assembly (108).
Therefore, the boundaries of a chromatin domain may not need to be determined by DNA sequence but rather are established through a competition between counteracting processes dependent upon the local concentrations of activator and repressors (39, 54, 93, 173). Proteins and posttranslational histone modifications of one chromatin state may block the switch to the opposite chromatin state. Regulatory elements such as LCRs and silencers may function as nucleation sites for the initiation of active or repressed chromatin states (84) , and the frontier between domains would be created by competing activities (54, 93). Data in S. cerevisiae suggest that boundaries at some telomeres are indeed formed by such mechanisms (93).
BOUNDARY ELEMENTS
Transcription in metazoan organisms is regulated by sequences that act from distal locations to activate or repress transcription. Silencers are initiating elements for silenced chromatin and exert their repressive effects over long distances. Similarly, enhancers function over many kilobase pairs of DNA to activate transcription and are often located adjacent to numerous promoters. Although enhancers can function with heterologous promoters to mediate activation (enhancer trap assays take advantage of this property), in vivo enhancers are regulated such that their activity is restricted to one locus (Figure 1) .
Control of gene expression by remote elements and the lack of promiscuity in long-range regulation by these elements indicate that there are mechanisms to maintain the specificity of action of enhancers and silencers. Part of this specificity is mediated by complementary interactions between proteins bound to distant regulatory elements and those at the promoter (25). But specificity is also imposed by specific DNA elements, called insulators, that restrict the activity of distant regulatory elements (172). Some insulator elements have enhancer-blocking activity whereas others inhibit the spread of repressive condensed structures (23, 62, 64, 173) and are the focus of this review.
THE BOUNDARIES OF THE HEAT SHOCK LOCUS IN DROSOPHILA
Pioneer studies on boundary elements focused on the 87A7 locus in Drosophila. This locus contains two divergently transcribed heat shock genes (hsp70) whose transcriptional activation is accompanied by puffing in salivary gland polytene chromosomes. Nuclease sensitivity analysis of DNA regions flanking the 87A7 locus identified two zones with an unusual chromatin structure, called scs and scs (specialized chromatin structures) (164).
These regions were shown to be located at or very close to the junctions between the decondensed 87A7 locus and the flanking condensed chromatin.
Further characterization demonstrated that these elements function as insulators (90, 91). It was originally thought that if insulator elements established independently regulated domains, they should be able to protect a reporter gene from position effects when integrated back into the genome. The white minigene has a minimal promoter, and integrations with this reporter result in flies with a range of eye color from white to red due to position effects. When the white minigene was placed between the scs and scs elements, its level of expression was uniformly low in the transformed lines, indicating that scs and scs protected the expression of the miniwhite gene from euchromatin, although these elements could not confer protection against heterochromatic silencing (90).
Position effects are considered to be a consequence of interactions between the promoter of the reporter gene and enhancer and silencer elements present near the integration site. Insulators inserted between an enhancer element and a target promoter prevent them from interacting. In other words, if insulator elements generate an independent domain, a regulatory element should be able to interact with its target promoter only if it resides in the same domain (91). The enhancer-blocking assay was designed to test this characteristic, and both scs and scs were shown to insulate reporter genes from different enhancer elements as well (91).
SEQUENCE ANALYSIS AND PROTEINS THAT BIND THE SCS/SCS ELEMENTS
Athough they do not share any sequence homologies, both scs and scs elements were recently shown to be coincident with the promoters of genes (1, 4, 68) . The scs insulator is found in a region that contains the promoter for CG31211 whereas the scs insulator maps to the promoter of two divergently transcribed genes, CG3281 and aurora.
Proteins that bind the scs and scs elements and are required for insulation function of these elements have been identified. The scs element is bound by the eight zinc-finger Zeste-white 5 (Zw5) protein (59) whereas the boundary element-associated factor (BEAF) binds to the scs insulator (75). BEAF binding sites are also recognized by the transcription factor DREF (DNA replication-related element binding factor) (78). Zw5 and BEAF binding sites are located within 100 bp of the CG31211 and CG3281 promoters, suggesting that these factors may be involved in transcriptional regulation of these genes (64) .
Zw5 and BEAF are present at opposite borders of the 87A puff, consistent with their binding to scs and scs elements, respectively, but are also found at additional sites throughout the genome (180). Two BEAF binding sites, BE28 and BE76, present elsewhere in the genome confer protection against euchromatic position effects (36), suggesting that BEAF might have a role in delimiting chromatin domains in other regions of the genome or be a transcription factor for other genes.
MODELS OF ENHANCER BLOCKING AND PROTECTION FROM POSITION EFFECTS
Two models have been proposed for enhancer-blocking activity mediated by the scs/scs elements. According to the structural model, the effect of the insulators on the regulatory activity of enhancer elements is indirect, the result of higher-order chromatin structure whose limits are demarcated by the insulator elements (90, 91). This model proposes that insulators mark the limits of structural and functional domains. Long-range interactions between insulator complexes assembled at scs and scs have been observed, and the proteins associated with these elements also interact in vivo and in vitro (11), suggesting that the locus is present as a chromatin loop in the nucleus.
The results suggest that interaction between the insulator proteins might facilitate the establishment of chromatin loops.
The possible function of scs and scs elements in defining the limits of the open chromatin domain were tested by a polytene chromosome assay that used an hsp70-lacZ transgene integrated randomly in the genome (97). Upon heat activation, transcription of lacZ driven by the hsp70 promoter produced large heat-shock puffs at the integration site. Using in situ hybridization, it was determined that decondensation of the locus spread at least 5.5 kb upstream of the hsp70 promoter in the absence of insulator elements. The presence of scs and scs insulators did not prevent the spread of decondensation associated with heat-induced transcription of the transgene locus. Furthermore, a reexamination of the endogenous 87A locus at high resolution showed that scs and scs were within the 87A puff and not at the borders. It will be interesting to determine if the limits of the puff map to the ends of the CG31211, CG3281 and aurora genes. Taken together, these results demonstrate that scs and scs elements do not constitute the borders of the heat-shock puff, and suggest that decondensation associated with puffing is not blocked by the scs/scs insulators (97).
In light of these observations, it is possible that the main role of scs and scs elements is related to transcriptional regulation of their associated promoters. The decondensed puffs may be restricted by a mechanism independent of the insulators while the insulators could function in blocking the enhancer by interacting with it and sequestering it. Insulator elements are thought to interact directly with the enhancer elements, and although this model was originally discarded based on the apparent neutral behavior of the scs/scs elements in the in vivo assays (90, 91), the fact that the scs and scs elements map to the promoters of genes argues for a direct interaction between enhancer elements and the scs and scs insulators. The colocalization of the two insulators (11) could reflect their clustering at transcription factories, given that regulatory regions of genes are thought to cluster in the nucleus (33). Quantitative analysis of insulator-insulator and insulator-enhancer interactions in single cells could help resolve this issue (see 175).
THE GYPSY INSULATOR
In Drosophila the well-characterized gypsy insulator is derived from the gypsy retrotransposon. This insulator has enhancer-blocking activity and protects against both positive and negative position effects.
The gypsy retrotransposon belongs to a large family of transposable elements (133). Insertion of this retrotransposable element into regulatory regions causes tissue-specific mutations at a number of loci, including yellow and cut (34).
THE COMPONENTS OF THE GYPSY INSULATOR COMPLEX
Three proteins have been identified as members of the gypsy insulator complex: Su(Hw), Mod(mdg4), and CP190. Su(Hw) and CP190 have DNA-binding properties whereas Mod(mdg4) is recruited to the insulator via interactions with these proteins.
Mutations in the suppressor of Hairy-wing [su(Hw)] gene were shown to reverse gypsyinduced mutations (117), and Su(Hw) is a 110-kDa transcription factor that binds within the 5 untranslated sequence of the gypsy retrotransposon. The Su(Hw) binding sites are sufficient for enhancer blocking (65) and confer protection against chromosomal position effects in transgenic assays (43, 144).
Mod(mdg4) is required for insulator function mediated by Su(Hw) and is recruited to the insulator via protein-protein interactions with Su(Hw) (60, 66). Although null mutations in the mod(mdg4) gene are lethal, hypomorphic alleles affect insulator function. In the absence of Mod(mdg4), Su(Hw) is transformed from an enhancer-blocking protein to a silencing protein, resulting in the bidirectional repression of genes (61). Not much is known about how Su(Hw) mediates this long-range silencing, but this phenomenon is reminiscent of the yeast local repressor Sum1p and its conversion to a long-range repressor Sum1-1p (146, 166) .
CP190 interacts with both Su(Hw) and Mod(mdg4), and its activity is essential for the insulation function of the gypsy retrotransposon insulator. Su(Hw) is necessary for the recruitment of CP190 to the gypsy retrotransposon insulator, but CP190 is also recruited independently to endogenous insulators in the Drosophila genome (125). Based on these data, it has been proposed that endogenous Su(Hw) insulators may be composed of a combination of Su(Hw) and CP190 binding sites.
dTopors, identified as a Mod(mdg4) interacting protein in yeast two-hybrid assays, also coimmunoprecipitates with the three members of the gypsy insulator complex and with lamin. Overexpression of dTopors rescues activities compromised in the absence of Mod(mdg4): the enhancer-blocking activity of the insulator, the binding of Su(Hw) to chromatin, and the formation of insulator bodies (24), which suggests that it might be required for insulator function.
ENDOGENOUS GYPSY INSULATORS AND INSULATOR BODIES
Su(Hw) and Mod(mdg4) colocalize at 100-200 sites along third instar polytene chromosomes (62) . As binding sites for these proteins do not contain copies of gypsy, they are therefore thought to constitute endogenous insulator sites. Contrary to the regular distribution pattern of insulator proteins found in polytene chromosomes, these proteins coalesce into large foci, called insulator bodies, in interphase nuclei of diploid cells (62) . This association is thought to rely on protein-protein interactions, interactions with the nuclear matrix, and the pairing properties of the gypsy insulator elements.
The insulator bodies localize adjacent to the nuclear periphery (23). Although the loss of insulator bodies coincides with a loss of insulator function, it is not clear how much of a role localization to the nuclear periphery has in insulation (177).
The existence of insulator bodies devoid of the gypsy retrotransposon also suggests the presence of endogenous insulators in the genome. Position-dependent enhancerblocking properties have recently been described for an endogenous fragment named 1A-2 (69, 129). The endogenous insulator 1A-2 is found in the region between the yellow gene and the Achaete-scute gene complex (ASC) and contains Su(Hw) binding sites (69, 129) . Genetic data support the idea that proteins besides Su(Hw) are responsible for the insulating activity since mutants lacking Su(Hw) protein show minimal changes in the enhancer-blocking ability of this fragment (129), although mutations in the Su(Hw) binding sites generate loss of insulator function (69) . Still to be determined is whether CP190 by itself or in conjunction with another protein is involved in generating the insulator complex in the 1A-2 region.
INSULATOR NEUTRALIZATION OR BYPASS
There are several examples in which a gypsy insulator can be overcome by an enhancer element to activate transcription. It has been proposed that the insulator is a regulatory sequence analogous to a promoter that competes for the enhancer signal (20). The activity of an insulator can be increased if a second strong promoter is placed upstream of the enhancer being blocked by the insulator. The enhancer signal is diverted to the upstream strong promoter, and insulator function is strengthened in blocking communication between the enhancer and the downstream promoter. If a weak rather than a strong promoter is placed upstream of the enhancer in the insulator competition assay, the interaction between the promoter and enhancer www.annualreviews.org • Chromatin Insulatorsis reduced. The enhancer is then free to interact with the downstream promoter and bypass the insulator. Furthermore, bypass of the insulator's enhancer-blocking activity is also observed by increasing the strength of the enhancer (154). These results are consistent with data from the globin locus, which demonstrate that when an enhancer activates several promoters, it chooses one promoter at a time (175). The interaction between the enhancer and promoter is stable for many rounds of transcription, and once it is lost, the enhancer selects a new partner (flip-flop mechanism). Consistent with these results, insulating activity increases when two gypsy insulator elements flank an enhancer (19, 120, 128). Together these observations suggest that direct interactions between the enhancer elements and insulators regulate and restrict enhancer function (64) .
Insulator neutralization is also observed when two gypsy insulator elements are placed between an enhancer and a promoter (19, 120). To explain this phenomenon, it has been proposed that pairing of the insulator elements establishes a chromatin loop that brings together distantly located sequences. The loop formed by the insulator elements may facilitate, rather than disturb, enhancerpromoter communication by bringing these regulatory elements in proximity. The two closely spaced insulator elements preferentially interact with each other and in doing so, generate a minidomain immersed within a larger domain (118). Regulatory elements and targets present in the large domain become free to interact with each other and to bypass the paired insulators. Consistent with this model is the observation that the insertion of three gypsy insulator elements restores insulation function (98). Pairing between two of these elements may leave the third insulator free to block enhancerpromoter communication.
Generation of loop domains and neutralization of the insulating activity may be restricted to interactions between gypsy insulators (98, 110). When tested in insulator bypass assays, heterologous combinations of the gypsy insulator with the scs and SF1 insulator elements did not reduce enhancer-blocking activity (98, 110), although the MCP insulator was able to neutralize the gypsy insulator, which suggests some specificity in the interactions (112). Two gypsy insulator elements pair in the presence of one scs element between them, and all three elements become nonfunctional (98), suggesting that the generation of a loop domain by the gypsy insulator may interfere with the insulating function of scs.
MODELS FOR GYPSY INSULATION
Several models have been proposed to explain the insulating effects of the gypsy insulator. They involve either functional interactions between the insulator and enhancer elements or physical interactions between insulator elements. Given the evidence to support both models, the two models may not be mutually exclusive.
Transcriptional models propose that the insulator element has a primary effect on the mechanism of enhancer action. These models suggest that gypsy insulator elements are related in function to the promoter (128, 171). In the decoy model, the insulator protein complex interacts with enhancer-bound proteins intercepting the enhancer signal into a nonproductive interaction (63) . The insulator may also interfere with the function of facilitator proteins in preventing the enhancer from effectively communicating with the promoter (facilitator model) (44). In effect, the enhancer finds the insulator before finding the promoter. In vitro interactions between components of the insulator and facilitator proteins support a direct interaction between these proteins (60) (Figure 2) .
The structural model of gypsy insulator function suggests that attachment of the insulator to the nuclear lamina divides the chromatin fiber into separate looped domains, which isolate the signal generated in a domain. Transcriptional and structural models for enhancer-blocking activity. (a) In the decoy model, the enhancer is unable to interact with the promoter and is trapped by a direct interaction with the insulator element. In this model, the insulator competes with the promoter for interaction with the enhancer. (b) In the facilitator model, the enhancer communicates with the promoter via facilitator proteins. Direct contact between an insulator and the facilitator proteins stops the communicating signal from reaching the promoter, thereby blocking enhancer action. (c) The looping model of insulator function. In this model, insulators organize the chromatin fiber into loops. Each loop represents an independent structural and functional domain, and interaction between enhancers and promoters only occurs if they are located in the same loop. Loops can be generated by pairing of insulator elements or by attachment of the insulator to a fixed structure.
According to this model, the main role of the insulator is to organize the chromatin fiber, and the insulating effects are a consequence of this organization (62) . The organization imposed by the gypsy insulator may be static and have a structural role, or it could be dynamic with effects on the global nuclear organization and gene regulation. The observation that gypsy insulator complexes cluster in the nucleus supports this model (24). Attachment to a substrate might impose a topological or physical constraint on the DNA, which in turn may interfere with transmission of the signal generated from the enhancer.
BOUNDARIES AT ABD-B
Homeotic genes regulate the segmentation pattern of the Drosophila body, and their expression in specific parasegments is crucial for development. These genes are clustered in the genome at two loci, the Antennappedia complex (ANT-C) and the Bithorax complex (BX-C). The BX-C locus spans a region of 300 kb that contains the homeotic genes: UltraBithorax (Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B) (45). Abd-B is required for identity of posterior abdominal segments, Abd-A affects central abdominal segments, and Ubx affects anterior abdominal and posterior thoracic segments. The regulatory region in the BX-C locus is subdivided into parasegment-specific subregions. Nine regulatory subregions are present in the BX-C locus and contain the information necessary to regulate the transcription of each gene in the nine thoracic and abdominal parasegments (PS5-14). Ubx expression is regulated by subregions abx/bx and bxd/pbx in PS 5 and 6, respectively; abd-A expression is directed by infraabdominal-2 (iab-2), iab-3, and iab-4 in PS 7-9; and Abd-B expression is regulated in PS 10-14 by iab-5, iab-6, iab-7, and iab-8,9 (114). DNA elements including tissue-specific enhancers, promoter targeting sequences, polycomb response elements (PRE), Trithorax response element (TRE), and boundary elements reside in these regulatory subdomains (156) and are bound by specific activators and repressors present in the cells of the parasegments.
Combinations of transcription factors (gap and pair-rule proteins), which are transiently expressed early in development, establish the expression of specific homeotic genes in specific parasegments. The expression state, once established, is maintained through development by different factors. In each parasegment, subdomains that were activated are maintained in the active state by Trithorax (trx-G) group proteins that bind their cognate TRE sites, whereas the subdomains that were not activated in that parasegment are maintained in a repressed state by the Polycomb (Pc-G) group proteins associated with PRE sites (38).
The PRE elements are in close proximity to TRE elements, and the binding of the trxG proteins to the TRE coupled with transcription through the PRE is thought to inhibit binding of PcG maintaining the subdomain in an open state (38). The boundary elements are believed to aid in maintaining the integrity of adjacent PcG and trxG subdomains, thereby preventing the chromatin state in one subdomain from invading the chromatin state in the adjacent subdomain.
PcG AND trxG PROTEINS
Repression mediated by the PcG proteins in the subdomain is thought to represent a form of facultative heterochromatin (38, 142). The assembly of Pc-repressive chromatin involves numerous steps that culminate in the formation of a compacted chromatin structure.
Early studies had proposed that PcG proteins spread from their nucleation site toward the promoter. However, recent data suggest that these proteins are highly localized in the vicinity of a PRE and the promoter (38).
The trxG proteins were identified by mutations that suppress the homeotic derepression generated by PcG insufficiency and that are transcription activators. The trxG proteins are found in multiprotein complexes ANRV293-GE40-05 ARI 
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Figure 3
Diagrammatic representation of the Abd-B regulatory region at the BX-C in Drosophila.
(38, 130) that increase accessibility of the chromatin (38).
SILENCED AND ACTIVE DOMAINS AND THEIR BOUNDARIES AT Abd-B
Insulators have traditionally been thought to separate active genes in one domain from repressed genes in adjacent domains. However, at the homeotic locus, boundary elements are thought to be involved in separating regulatory subregions that are active in a parasegment from regulatory subregions that are inactive in that parasegment. Reporter genes integrated near regulatory subregions are regulated by elements within the domain but not by regulatory elements in adjacent domains (6, 58, 111) . Thus the regulatory subregions constitute independent chromatin domains separated by boundary elements. Enhancer-blocking assays have corroborated the existence of boundary elements (6, 114, 115) . Furthermore, deletion of these boundary elements in situ results in variegated expression of reporter genes. Adjacent active and repressed domains fuse into a single active or repressed chromatin domain, generating two stably different phenotypes in a population of cells (6, 115) . The balance between the active and inactive phenotypes depends upon the relative concentration of the Polycomb and trithorax group proteins (Figure 3) . Three elements that function as enhancerblocking boundaries have been identified in the Abd-B locus: Miscadastral Pigmentation (MCP) between iab-4 and iab-5, Frontabdominal-7 (Fab-7) between iab-6 and iab-7, and Fab between iab-7 and iab-8. Thus Fab-7 and Fab-8 flank the iab-7 subdomain, which spans a DNA segment of approximately 18 kb (6, 87, 116) .
Fab-7 and Fab-8 boundary elements prevent interactions between regulatory elements in adjacent iab subdomains. The boundary elements prevent spreading of the active state generated by the initiator elements, whereas the second function of the boundary is to prevent Pc-mediated repression (present at PRE elements in adjacent subdomains) from engulfing and repressing the active subdomain (6, 114, 115) . These elements therefore possess both enhancer blocking and barrier activity, but it is unknown if the same proteins bound to the boundary element have both functions [like Su(Hw)] or whether, like the chicken globin boundary, different proteins mediate enhancer blocking and barrier function.
The insulating activity of Fab-7 and Fab-8 boundaries appears to be constitutive, with no stage or tissue specificity (152). Furthermore, while independent iab subdomains are established early in embryogenesis, the boundary elements must remain continuously active to sustain domain autonomy.
CTCF has been recognized as a vertebrate insulator protein, and orthologs were recently characterized in Drosophila (119). The Fab-8 insulator contains CTCF binding site, and dCTCF binds these sites in vitro and in vivo (119).
The Fab-7 boundary element contains binding sites for GAGA factor, and GAGA associates with the element in vivo and in vitro (151). However, mutations of the GAGA sites do not completely eliminate boundary activity, and it has been suggested that GAGA might organize a chromatin structure accessible for other boundary proteins (151).
DOMAIN ORGANIZATION AND BOUNDARY FUNCTION
MCP, Fab-7, and Fab-8 boundary elements all block enhancer-promoter communication in transgenic flies. This raises the question of how enhancers from the iab-5, iab-6, or iab-7 subdomains communicate with the Abd-B promoter, given that Fab-7, Fab-8 insulators are located between the enhancers and the promoter.
The PcG proteins and DNA elements localize in the nucleus in foci called PcG bodies (14, 71, 103) , and studies suggest that loop formation may facilitate long-distance communication. Furthermore, Upstream Promoter Region (UPR) (156) and the Promoter Targeting Sequence (PTS) (30) may aid in longdistance activation by converting insulators into local chromatin barrier elements that restrict the repressed chromatin state present in each regulatory subdomain (30, 156).
Consistent with a regulatory role for longrange interactions, two MCP boundary elements flanking a repressed region generated by two PRE elements allow enhancerpromoter communication across the PRErepressed domain, and this communication is dependent upon the presence of the MCP boundary elements (72). Thus, interactions between the boundary elements and their linked PRE elements may protect the enhancer present in an active iab subdomain from being repressed by an adjacent PcGsilenced domain and also facilitate communication between the enhancer/PTS and the promoter via loop formation. In this regard, boundaries present at the Abd-B regulatory region might have an important function in aiding in the activation of the gene analogous to the LCR of the human globin gene.
THE CHICKEN BETA-GLOBIN INSULATORS
The vertebrate globin genes are found clustered in the genome, and mapping studies in erythroid cells have delineated an open chromatin domain that encompasses the entire cluster (77, 107, 170). Globin enhancers present within this domain temporally regulate these genes without affecting the expression of independently regulated genes flanking the globin domain. 5 of the chicken globin domain is a folate receptor gene and its regulatory elements (HSA) (135), and downstream of the globin cluster are the olfactory receptor (OR) genes (16). The OR genes are not expressed in erythroid cells whereas the folate receptor genes are active when the globin genes are repressed and inactive when the globin genes become active during erythropoiesis (Figure 4) .
Constitutive hypersensitive sites (5 HS4 and 3 HS1) flank the active chicken globin domain. In light of the proximity between the differentially regulated promoters and regulatory elements, it was proposed that the hypersensitive sites are candidate insulators. Molecular analyses of the 5 HS4 insulator in transgenic assays indicated that it is proficient in enhancer blocking as well as in protection against position effects (31). Diagrammatic representation of the chicken beta-globin domain.
CTCF-MEDIATED ENHANCER-BLOCKING
The core insulator fragment contains binding sites for several transcription factors, of which only the CTCF binding site was necessary for enhancer blocking (8). CTCF is an 82-kDa DNA-binding protein with 11 zinc fingers (46) that was originally identified as a transcription factor.
Sequence analysis has revealed CTCF binding sites in other previously described vertebrate insulators, and more significantly, CTCF-mediated enhancer-blocking activity has been described at other vertebrate insulators (17). These results suggest that CTCF has a role in the enhancer-blocking activity of diverse insulator elements in different cell types (64, 173) .
A search for interacting partners of CTCF that may be involved in insulation identified proteins involved in nuclear architecture (179). These include topoII and lamins and the nucleolar protein nucleophosmin, which was the most abundant interacting partner. Chromatin immunoprecipitation (ChIP) analysis using antibodies against CTCF and nucleophosmin colocalized these proteins to the 5 HS4 and 3 HS1 boundaries of the chicken beta-globin locus in vivo. Nucleophosmin association with the insulator depends on the presence of intact CTCF binding sites, and localization of the insulator to the nucleolar periphery depends on the CTCF binding, suggesting that subnuclear localization of the insulator is a function of interactions between CTCF and nucleophosmin (179). While CTCF localizes to the elements flanking the globin domain and possesses enhancer-blocking function in transgenic assays, the role of CTCF at the native globin boundary is still not clear.
INSULATOR ELEMENTS AT THE MAMMALIAN BETA-GLOBIN DOMAIN
The beta-globin genes in mouse and human are also clustered in the genome and are located within the nuclease-sensitive open chromatin domain. The globin LCR is required for high-level transcription of the globin genes (9, 49, 140, 150), and data show that the LCR forms an active chromatin hub (ACH) (26, 163). This domain is the poster child for studies on long-range transcription activation, but the DNA elements and mechanisms that function to insulate these domains are not clearly understood (104, 138) . It has been proposed that the globin genes reside in a constitutively open chromatin domain, thus obviating the requirement for insulators against heterochromatin, and that the function of the CTCF-containing elements may be in regulating interactions between enhancers and target promoters in vivo (50, 138). 
H19/Igf2 INSULATOR
Figure 5
Diagrammatic representation of the Igf2/H19 locus.
provided by studies of the Igf2/H19 locus in mouse and human (47). Igf2 is located 90 kb upstream from H19 and both genes are regulated by enhancer elements downstream from the H19 gene. An imprinting control region (ICR/DMR) is located between the two genes and is required for imprinting of both genes. Imprinting of Igf2/H19 genes restricts their expression to one parental allele (169): The H19 gene is expressed from the maternally transmitted allele, while Igf2 is expressed from the paternally transmitted allele ( Figure 5) . The ICR/DMR contains multiple sites for CTCF, and this element functions as an insulator to regulate expression of Igf2. CTCF binds the ICR/DMR in vitro and in vivo, and CTCF binding is inhibited by DNA methylation of this element (7, 48, 74, 80, 85, 86, 161) . Mutations in the ICR/DMR that eliminate CTCF binding sites result in the mis-expression of Igf2 in vivo (127, 148, 157). Based on these results, it has been proposed that at the maternal allele, CTCF binds the unmethylated ICR/DMR and prevents the enhancers located downstream of H19 from activating Igf2. At the paternal allele, the ICR/DMR is methylated, which prevents CTCF from binding, thus allowing the downstream enhancers to activate the Igf2 gene. These results show that insulator function can be modulated by DNA methylation, making CTCF binding sites susceptible to epigenetic regulation.
Additional ICR/DMR elements are present and necessary for proper regulation of the mouse Igf2 gene (109). These elements interact with one another to organize the domain into loops that are distinct for the maternal and paternal chromosomes (89, 121) . Furthermore, recent data support the idea that preservation of long-range interactions might constitute a form of epigenetic memory (18).
MODELS OF ENHANCER-BLOCKING BY CTCF BOUND INSULATORS
Several models have been proposed to explain the mechanism by which CTCF blocks communication between enhancers and promoters (172). Enhancers are in physical proximity to the genes they regulate. In the looping model, the enhancer seeks a promoter by random movement of the chromatin fiber, and insulator-bound CTCF could stably interact with enhancer-bound proteins to sequester the enhancer in a nonproductive interaction, thus preventing it from contacting the promoter. In the facilitated tracking mechanism of enhancer search, the enhancer-bound complex searches for the target promoter by skipping along the DNA and the insulator sequesters the enhancer in a nonproductive interaction that prevents it from contacting the promoter (10, 26).
In an alternative model, it is proposed that CTCF creates distinct loop domains, with the enhancer in one loop unable to contact a promoter in a different loop (62) . CTCF tethering to the nucleolar surface is believed to help tether the different loops to a nuclear substructure.
BARRIER ACTIVITY AT THE 5 BETA-GLOBIN DOMAIN BOUNDARY
A 16-kb condensed chromatin region with characteristics of intercalary constitutive heterochromatin resides between the 5 HS4 and the HSA element of the folate receptor gene. It contains low levels of acetylated histones and H3 methylated at K4, but shows high levels of H3 methylated at K9 (106, 107, 135 ). The 5 HS4 globin insulator and the HSA element of the folate receptor gene flank the 16-kb chromatin condensed region.
Mapping the distribution of histone modifications at the globin locus in cell lines shows sharp peaks of acetylated histones as well as H3 methylation at K4 at the barriers, HSA, 5 HS4, and 3 HS1 and these modifications are constitutively maintained (106, 107) . These results suggest that histone acetylation at the insulator region could act as a chain terminator for the propagation process that generates the methylated and condensed chromatin state (106, 107) .
A modified position effect protection assay with an interleukin 2 receptor (IL2R) gene was used to further characterize the 5 HS4 globin barrier element. In the absence of the 5 HS4 barriers, expression of the reporter in different cell lines was variable and lost when cells were cultured for extended periods of time. Constructs with the reporter gene flanked by the chicken 5 HS4 element maintained uniform expression even in cells grown over extended periods of time, indicating that this element is able to protect the reporter from silencing (132). The 3 HS1 element was unable to protect against silencing in the position effect assay. While constitutive heterochromatin resides upstream of the 5 HS4 insulator, downstream of the 3 HS1 insulator are repressed olfactory receptor genes, and 3 HS1 may have evolved to restrict this repressed chromatin but not constitutive heterochromatin. Further analyses of the 5 HS4 insulator showed that deletion of CTCF binding site did not impair barrier function (139).
Several proteins associate with the barrier and the transcription factor USF1 specifically localize to the native 5 HS4 barrier (174). Knockdown of USF1 expression leads to a reduction in H3-K4 methylation and H3 acetylation at the barrier, with a concomitant increase in the levels of histone H3 methylation at K9, suggesting that loss of the barrier results in a significant increase in the spread of the silenced domain. Histone acetyltransferases PCAF, CBP, and p300 also localize at the 5 HS4 element, and the USF binding site is required for their localization. Although the substrates for these acetylases are thought to be the histones H3 and H4, recent data suggest that the histone variant H2A.Z may also be a substrate because it also localizes to the barrier (13).
These results have led to a model in which acetylation of histones acts as a chain terminator for the propagation process that generates the repressive chromatin state. Although tethering to a subnuclear compartment or pairing of boundary elements is not strictly required, as suggested for enhancer-blocking activity, a separate role for tethering in barrier activity has not been ruled out (174). If barriers are sites of open chromatin, they may well be present at transcription factories and active chromatin hubs. Recruitment to these foci in the nucleus may not be necessary for barrier function but may contribute to barrier function by increasing the probability and efficiency by which these elements restrict the spread of silencing.
YEAST BARRIERS
Parallel studies on yeast barriers have led to models for barrier function that are similar to
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Figure 6
Barrier activity blocks spreading of heterochromatin in S. cerevisiae. the chain terminator model proposed for the globin locus.
In S. cerevisiae the telomeres and the cryptic mating-type loci HML and HMR represent silenced chromatin domains (145) . Repressed domains are generated by cis elements and trans-acting repressors. The silencer/telomere binding proteins recruit the repressor proteins Sir2, Sir3p, and Sir4p, which propagate along the DNA by sequential deacetylation of histone tails and binding. While the same proteins are employed to silence all three loci, reporter genes inserted at these loci respond differently to mutations that affect silencing (57). These differences are due not to the distinct mechanisms utilized by the Sir proteins to silence genes but rather to disparities in the strength of the silencers and promoters of the silenced genes and the ability of silencers to direct stable inheritance of the repressed state. They are also due to the specific idiosyncrasies of the reporter genes and the assays used to study silencing (167) (Figure 6) .
Studies of all three loci have revealed different barrier elements that block the spread of silencing at these loci. The silenced HMR domain is flanked by long terminal repeats of TY elements, and the right flank of this silenced domain also contains a tRNA gene. Mapping studies of accessible and inaccessible chromatin domains as well as the distribution of the Sir proteins indicate that the silenced domain spreads beyond the silencers and up ANRV293-GE40-05 ARI 3 June 2006 1:58 to the TY elements and then stops (105, 123, 124) . Although the TY elements play a minor role in barrier function, the tRNA gene present at the right flank of the domain is necessary for blocking the spread of silencing (42). Both point mutations in the promoter of the tRNA gene and conditional mutations in the pol III transcription initiation factors, TFIIIB and TFIIIC that bind the promoter, weaken the barrier function mediated by the tRNA gene (43). However, not all tRNA genes block the spread of silencing, and the defining quality among these genes are sequences that flank the gene and are important for stable binding of the TFIIIB complex to the tRNA gene. tRNA genes that are unable to block the spread of silencing on their own are able to function as barriers when multimerized, suggesting that occupancy of the promoter by the pol III factors is an important determinant for barrier function. Identification of a tRNA gene as a barrier is novel, but recent data suggest that tRNA genes may be involved in barrier function restricting the spread of different repressors in S. cerevisiae (155, 166) as well as in other organisms. tRNA genes were recently also identified as barriers to the spread of heterochromatin in S. pombe (73, 153). Centromeres in S. pombe are heterochromatic with a central core domain and inner repeats flanked by outer repeats (176). The outer repeats are packaged into heterochromatin reminiscent of heterochromatin in Drosophila and mammals with hypoacetylated histones, Lys9 of H3 methylated and bound by the HP1 homolog, Swi6p (22). The central core has a different chromatin structure and is composed of the histone variant Cnp1p and the protein Mis6p. Multiple tRNA genes flank the heterochromatic outer repeats. Deletion of the tRNA genes between the central core and outer repeat results in the spread of heterochromatin into the central repeat, suggesting that the genes act as a barrier in this organism (153). Different elements have been identified that restrict heterochromatin in S. pombe at other silenced loci (122); it will be interesting to determine commonalities in these barriers. The identification of a tRNA barrier in this organism and S. cerevisiae suggests a conserved ability of tRNA genes to block silencing; it will also be interesting to compare and contrast the mechanisms of barrier function in these two species.
Other factors contribute to the barrier in conjunction with the tRNA in S. cerevisiae (42, 43, 123) . Mutations in the cohesions Smc1p and Smc3p decrease tRNA barrier function and the cohesins localize to regions near the tRNA (101), suggesting that higher-order organization of chromatin might be important for barrier function.
Chromatin remodeling and modifying complexes also function along with the tRNA to block silencing at HMR (43, 123). Double mutants, lacking the tRNA gene and histone acetylases (Esa1p containing NuA4, Gcn5p containing SAGA, and Sas2p containing SAS-I), lead to a dramatic loss of barrier function. Similar observations have been made with mutations in the chromatin remodeling factors Rsc2p, Swr1p, and Isw2p (83, 95, 123, 162 ). These results demonstrate that the tRNA and the chromatin modifying/remodeling proteins function in parallel to block the spread of Sir proteins. The tRNA-bound factors most likely act by forming a large multiprotein complex that generates a nucleosome-free region. Since propagation of the Sir proteins along the chromatin requires interactions with histone tails in nucleosomes, the absence of the binding substrate and the presence of a stably bound multiprotein complex weaken the spread of the Sir proteins. Although the exact function of the chromatin remodeling factors is not known, the acetylases would help generate a competition between acetylation and deacetylation (mediated by Sir proteins), which would independently function to destabilize the spread of silencing. The mechanism by which these factors are recruited to the boundary is unknown. Unlike the globin locus in chicken where the acetylases localize to the barrier, these enzymes were present across the entire
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domain in yeast (123). This difference most likely reflects differences in nuclear architecture between the species since a vast majority of the yeast genome is in an active or potentially active state, unlike the chicken genome, which is mostly in an inactive state. Native telomeres have middle repetitive elements (X and Y sequences) that are adjacent to the telomeric TG (1-3) repeats. While every telomere contains the X repeats, varying numbers of the Y repeats are present at approximately half of the telomeres and separate the X repeats from the telomere. The Y elements contain genes and are flanked by variable numbers of the STR repeats (57). A reporter gene placed at different locations along the native yeast telomere shows a sudden discontinuity in its expression. Further analysis revealed that the STAR sequences act as a barrier protecting genes in the Y repeat from telomeric silencing (56, 136). The STAR elements protect a gene from silencing when they bracket the gene, but genes located in the X repeats are still silenced, suggesting a form of discontinuous silencing mediated by the protosilencers located in the X repeats (53, 55, 102).
A further molecular characterization revealed that binding sites for Reb1p and Tbf1p present within the STAR elements are necessary for barrier function (52). Multimerization of the individual sites or artificially recruiting these proteins is sufficient for barrier function (52, 56, 178) but the mechanism by which they function is not known.
COMPETITION RESTRICTS TELOMERIC SILENCED CHROMATIN
Studies on telomere chromatin dynamics have focused on telomeres 6R or 14R that both lack Y elements. Unlike Y -containing native telomeres where the repressed chromatin is blocked by STAR sequences, silencing at telomeres lacking the Y elements is most likely restricted by specific histone acetylases such as Sas2p that act in competition with Sir protein-mediated deacetylation. Molecular mapping studies have shown that at telomeres, Sas2p-mediated histone acetylation is in direct competition with the Sir proteins (94, 159). Loss of Sas2p leads to an increased spread of Sir proteins along the chromosome arm, and conversely, loss of Sir3p leads to an increased spread of acetylation toward the telomere. These complementary effects suggest that Sas2p-mediated acetylation is in opposition to Sir2p-mediated deacetylation and that the boundary is formed by an equilibrium between these two forces (93). Bdf1p, a bromodomain containing protein in yeast, binds histones and mutational analyses of Sir proteins and Bdf1p reveal that this protein also competes with Sir proteins for histone binding (99).
H2A.Z is a histone variant that localizes to the promoters of genes in yeast (137). Studies have shown that this histone is also important in blocking the spread of silencing by antagonizing the formation of silenced chromatin (113). Recent data suggest that this variant is recruited to promoters of genes by Reb1p and that acetylation of this variant is required for its ability to block the spread of silencing (5), which raises the possibility that Bdf1p may interact with this variant to restrict Sir proteins.
Thus at some native telomeres and at synthetic telomeres (3, 70) , the model for restricting the spread of silenced chromatin is a competition between transcription factor-aided acetylation and Sir2p-mediated deacetylation of the histones. The boundary would be based upon a dynamic equilibrium generated by the relative concentrations of these factors and is reminiscent of the mass action model for heterochromatin formation and stabilization proposed formerly.
SYNTHETIC BARRIERS
To understand how barriers function, several laboratories have utilized synthetic barriers and different reporter genes to both identify and dissect the molecular mechanisms by which specific proteins block the spread of Sir-mediated silencing. Almost all of these studies involve placing DNA-binding sites for an insulator protein between a silencer and a reporter gene. Expression of the reporter gene is monitored as a function of the recruitment of various proteins to these sites and their ability to block the Sir proteins emanating from silencers.
Studies with synthetic barriers have provided useful insights into mechanisms by which some factors might function. A variety of reporter genes have been used in multiple studies with different assays based upon analyses of expression phenotypes for silencing. Given how the silenced loci have been reconfigured in these studies, the models derived from the results should be considered as proof of concept rather than as proof of mechanism at native barriers.
In one set of experiments a discontinuous silencing assay was developed to mimic native telomeres (52, 55). GBD-chimeras that could act in conjunction with the STAR sequences to insulate the telomere proximal gene identified the general transcription activators (Rap1, Abf1p, Reb1p) as being able to block the spread of silencing. These factors blocked silencing without directly activating the reporter gene. Thus the ability of these factors to block silencing was likely due to effects on chromatin and not to effects on initiation complex assembly at the promoters of the reporter genes.
In a separate set of experiments, Gal4 binding sites were placed between the HMR-E silencer and a reporter gene to determine the ability of various Gal4-chimeras to block silencing (124). A "genome-wide" screen for proteins that could block the spread of silencing from the silencer identified various transcription factors and chromatin remodeling/modifying activities that are able to block the spread of silencing. These results led to the suggestion that silenced domains are restricted by chromatin-modifying/-remodeling factors working antagonistically to Sir-mediated silencing. Transcription activators have also been shown to locally alter heterochromatin and insulate reporter genes in mammalian cells and Drosophila (2, 160).
NUCLEAR PORE PROTEINS AND BARRIER FUNCTION
A different synthetic barrier screen for proteins with barrier activity at HML also utilized a dual reporter system. Two reporters inserted between the HML-E and HML-I silencers were silenced in wild-type cells (81, 82). One of the two reporters was flanked with Gal4p binding sites to screen for Gal4-chimeras that could insulate the reporter flanked by Gal4 but not the second reporter from silencing. This "boundary-trap" screen identified proteins involved in nuclear transport such as Cse1p and Nup2p as also being able to insulate the Gal4p UAS flanked reporter gene. Recruitment of a histone acetylase to the synthetic barrier resulted in expression of both reporter genes. Since transport proteins localize to the nuclear pore complex, these results led to the model that tethering the flanking synthetic barriers to the nuclear pore aids in the formation of a topologically distinct chromatin loop, thereby insulating the reporter gene and that this is how "genuine barriers" function to insulate genes.
Silenced loci reside in the perinuclear compartment as distinct foci (32), and localization of silenced loci to the nuclear periphery is necessary for efficient silencing. The identification of nuclear pore proteins as barrier proteins suggests that localization to specific nuclear compartments might also be important for insulation. Relocalization of a boundary element from one nuclear compartment to another could be one of the mechanisms by which these elements function in insulation.
Results from recent studies also suggest a dynamic role for nuclear pore proteins. Specific nuclear pore proteins have been shown to associate with active genes (28, 147) while other pore proteins associate with silent genes (28, 41). The association of specific pore www.annualreviews.org • Chromatin Insulatorsproteins with the promoters of genes is an early step in gene activation (27, 147) and correlates with the movement of the gene from the interior of the nucleus to the nuclear pore. Furthermore, pore proteins associate with histone acetylases and chromatin remodeling factors (41, 143) and have also been shown to function as transcription activators in a onehybrid assay (88) .
These results suggest that attachment of chromatin to the pore might be dynamic and an intrinsic aspect of gene activation. If this is indeed the case, then it is possible that the pore proteins function at boundaries by helping to recruit chromatin remodeling and modifying proteins or localizing genes to a nuclear compartment rich in chromatin remodeling and modifying proteins to allow these proteins to block the spread of silenced chromatin.
SUMMARY
Two recurring themes about insulators have come into focus in the past few years: many insulator elements cluster in the genome and insulator elements behave like, or localize to, regulatory regions of genes. Clearly, insulators have evolved to satisfy specific needs of a particular locus and, by inference, probably function by subtly different molecular mechanisms.
If insulators are DNA regulatory elements involved directly in gene regulation, what is the significance of the observation that these elements cluster in the nucleus in most systems? Is tethering to a specific nuclear compartment necessary for insulation or a consequence of it? Tethering of insulators to the nuclear superstructure will obviously lead to the formation of chromatin loops. Is the formation of a loop important for insulation or is tethering important? If loops form at insulated genes, is the formation of the loop actually part of the insulation process or part of gene activation and silencing? If loop formation is important for insulation, how is a regulatory element within one loop prevented from interacting with a promoter in a separate loop, given that entire chromatin domains move in the nucleus (67) ? If, on the other hand, tethering is necessary for insulation, is it sufficient or does it merely increase the efficiency of insulation mediated by other mechanisms?
If the principal mechanism of insulation is alteration in local chromatin structure at an insulator, the characteristics previously used to define insulators-stand-alone neutral structural elements located at the boundary between chromatin domains-should be evaluated. Furthermore, if the principal mechanism of insulation is an alteration in chromatin structure at insulators, then are insulator bodies the same as active/silenced chromatin hubs? If so, then does tethering to specific hubs increase the efficiency by which insulators function, as has been suggested for LCR and silencer tethering? If insulators behave like regulatory elements, are insulators at specific loci and under specific circumstances merely gene regulatory elements that the cell has expropriated for insulation? If insulators are regulatory elements, then are they themselves regulated? Is there a common mechanism by which insulator bound factors function or does the mechanism vary depending upon the chromatin state being restricted? Finally what are the molecular steps involved in the recruitment of the factors to the insulator element and the formation of the chromatin boundary? Answers to these and other questions will allow these DNA elements to be exploited in research and medicine. 
